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ABSTRACT 
Heat-treatment, a major method of wood modification for improving dimensional stability and natural 
durability, has been studied considerably in the scientific literature. This study will focus on the effect 
of heat-treatment on permeability, an important physical property of wood by subjecting beech samples 
to two different mediums of hot water and steam, as well as in two buffered hot water of pH 7 and 8. 
Hydrothermal treatment caused gas permeability to decrease to its lowest value among the treatments 
(91.6% decrease comparing the control treatment). Hydrothermal treatment in buffered hot water of pH 
8 made the lowest impact on gas permeability (12.3% decrease). The decrease in gas permeability was 
due to settlement of extractives on vessel perforation plates. Gas permeability showed a highly significant 
correlation with the amount of swelling in radial direction. Low correlation was found between liquid 
permeability with water absorption and the amount of swelling. Gas permeability is considered a suitable 
criterion for predicting the amount of swelling in beech wood. 
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INTRODUCTION
Of all the various wood modification processes that have been studied, thermal modification is by far 
the most commercially-advanced. It has long been recognized as a potentially useful method to improve 
the dimensional stabilization of wood and increase its decay resistance (Hill 2006).
Tiemann (1915) was one of the first researchers to report on the effect of high-temperature treatment 
upon the physical properties of wood. He heated air-dried wood in superheated steam at 150°C for 4 
hours, which reduced the subsequent moisture sorption by 10-25%, with relatively low reductions in 
strength found in most cases. Heat treatment significantly reduces the tangential and radial swelling. The 
desired changes begin to occur at about 150°C, and the changes continue as the temperature is increased 
in stages (Gunduz et al. 2009). At around 270°C, there is a significant change in the reaction kinetics 
due to the onset of an exothermic reaction. What is less certain is the exact points at which the different 
reactions become dominant (Stamm et al. 1946).
Thermal modification is invariably performed between the temperatures of 180°C and 260°C, 
with temperatures lower than 140°C resulting in only slight changes in material properties and higher 
temperatures resulting in unacceptable degradation to the substrate (Hill 2006). The presence of water, or 
water vapor, affects the chemistry of thermal modification and heat transfer within the wood (Burmester 
1981). Under dry treatment conditions, the wood is dried prior to thermal modification, or water is removed 
by the use of an open system, or a re-circulating system equipped with a condenser. In closed systems, 
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water evaporated from the wood remains as high-pressure steam during the process. Steam can also be 
injected into the reactor to act as a heat-transfer medium, and can additionally act as an inert blanket to 
limit oxidative processes. Such steam treatment processes are referred to as hygro thermal treatments. 
Where the wood is heated in water, this is known as a hydrothermal process (Hill 2006). Heat treatment 
mediums also affects the physical and mechanical properties; specimens that were hydrothermally treated 
had higher mass loss and dimensional stability and lower MOR and MOE compared to hygro thermally 
treated ones at the same temperature of 180°C (Talaei et al. 2011). Studies of the thermal treatment of 
wood above 300°C are of limited value, due to severe degradation of the material; there is also evidence 
to show that there is an abrupt change in the degradation kinetics close to this temperature (Elder 1991). 
Modern thermal modification processes are limited to temperatures no higher than 260°C.
Temperature ranges from 150°C to 230°C are generally used, because hydrolysis is very slow at 
lower temperatures, whereas cellulose degradation begins to occur in the region 210–220°C. Cellulose 
degradation becomes predominant at 270°C. A sharp increase in the free-radical content of wood was 
also found when wood was heated at temperatures above 200°C (Garrote et al. 1999). The heat-transfer 
property of nano-silver particles on mechanical properties of heat-treated poplar was also reported to 
aggravate the effects of heat-treatment (Taghiyari 2011). 
As to the effects of heat-treatment on the fluid transfer property of wood, reduction of wood swelling 
with increasing temperature and duration of thermal treatment was often attributed to hemicelluloses 
destruction. However, structural modifications and chemical changes of lignin are suggested to be also 
involved in the process (Repellin and Guyonnet 2007). Furthermore, Borrega and Karenlampi (2009) 
indicate that reduction in hygroscopicity is not only due to mass loss but another mechanism may also 
exist. They suggest that this mechanism might be related to irreversible hydrogen bonding in the course 
of water movements within the pore system of the cell walls. Also, thermal treatment was reported to 
reduce the value of mass diffusivity in Populus robusta but did not significantly change air permeability 
values (Rousset et al. 2004). 
There are few studies on permeability of heat-treated woods. The present study is, therefore, aimed 
at finding the effects of heat-treatment on gas and liquid permeability of heat-treated solid woods and 
finding possible correlations and trends with physical and mechanical properties of beech wood. 
MATERIALS and METHODS
Specimen Procurement 
25 blocks of 150 × 50 × 50 mm were prepared from beech logs (Fagus orientalis L.). All blocks were 
free from any checks, knots, rots, or other visual defects. They were randomly divided into 5 groups of 
control, hydrothermal, hygrothermal, buffered hot water of pH 7 and 8. From each block, five longitudinal 
specimens were cut for permeability measurement. 
Heat-Treatment Process  
Blocks were first air-dried; then for hydrothermal treatment, they were placed in an autoclave, 
filled up with distilled water, or buffered hot water of pH 7 or 8, and heated at 180°C for 1 hour. For 
hygrothermal treatment, blocks were located in a vessel and steamed at 180°C for 1 hour at 6- 7 bars. 
Once were treated, blocks were brought to a conditioning room where they were conditioned at 20°C 
and 65% relative humidity, along with untreated specimens, for 2 months until equilibrium moisture 
content. 
Since the pH value of hydrothermal medium changes during heat treatment, buffered hot waters (pH 
7 and 8) were used as the medium keeping pH constant during hydrothermal treatment. Buffered hot 
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water of pH 7 comprised 411.75 ml Na
2
Hpo
4
.2H
2
O (0.2 M) + 88.25 ml C
6
H
8
O
7
.H
2
O; and pH 8 comprised 
483.25 ml Na
2
Hpo
4
.2H
2
O (0.2 M) + 13.75 C
6
H
8
O
7
.H
2
O (Alexeyev 1967). All other treatment conditions 
of both buffered hot waters remained the same as in the hydrothermal treatment. 
Gas Permeability Measurement
Longitudinal gas permeability was measured by an apparatus with milli-second precision designed 
and built by the first author based on the microstructure porosity of wood (Siau 1971, Taghiyari and 
Efhami 2011). All gas permeability specimens were cylindrical, 18 mm in diameter and 30 mm long in 
the wood longitudinal direction; cylindrical specimens were prepared using a hole-saw (a hollow-saw). 
Heat-treatment of blocks made it impossible to prepare the samples by a lathe and therefore the gas 
permeability values may not be considered as good criteria for permeability values of the wood and should 
better be used for comparison of different treatments of the present study (Taghiyari and Sarvari-Samadi 
2010). Measurements were done using the falling water volume displacement method instructions (Siau 
1995). Connection between the specimen and holder of the apparatus was made fully air-tight. A pressure 
gauge with milli-bar precision was connected to the whole structure to monitor pressure gradient (∆P) 
and vacuum pressure at any particular time as well as height of water column.  
Three measurements were taken for each specimen. Superficial permeability coefficient was 
then calculated using Siau’s equations (equations 1 and 2) (Siau 1995). The superficial permeability 
coefficients were then multiplied by the viscosity of air (µ=1.81×10-5 Pa s) for the calculation of the 
specific permeability (K=k
g
µ).  
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Liquid Permeability Measurement  
Liquid permeability was measured using the Rilem test method II.4 according to Rilem Commission 
25, PEM, Test Method 1154 by International Union of Laboratories and Experts in Construction Materials, 
Systems, and Structures; penetration tests were conducted under laboratory conditions according to 
ASTM E-514. Two times were measured: 
1- The time the first drop of water falls off the bottom surface of the 3 cm long specimen; 
2- The time the level of water in Rilem tube lowers by 50mm in the glass tube 
 (that is, 6.6 CC of water). 
Relationships between gas time with the-first-drop time, as well as 50-mm-lowering time, were 
then measured. 
Microscopic Observation 
Blocks of 20 ×20 ×20mmwere cut from each treatment and were kept in distilled water for 48 hours. 
Transverse sections of 20 – 25 µm in thickness were cut by a Jung Heidelberg slicing microtome. The 
sections were stained with safranin and then dehydrated in a graded series of ethanol (50%, 75%, and 
96%), and finally in xylol to make them ready to be mounted on microscopic slides. Images were taken 
by a digital optical microscope, magnification of 40. 
Statistical Analysis
Statistical analysis was conducted using SAS software program, version 9.1 at 99% confidence level. 
Cluster and regression analysis was carried out using SPSS software, version 16. 
RESULTS
Longitudinal Gas Permeability
The average longitudinal specific gas permeability of the control specimens was measured to be 13.5 
×10-13 m3 m-1 (Fig. 1). Hydrothermal heat-treatment resulted in gas permeability decreasing to its lowest 
value of 1.1 ×10-13 m3 m-1 (91.6% decrease). Hygrothermal heat-treatment also made a gas permeability 
decrease by 85.8% (1.9 ×10-13 m3 m-1). Although buffered hot water of pH7 resulted in the mitigation of 
the decreasing effect of hydrothermal treatment, still gas permeability value was quite low (3.7 ×10-13 
m3 m-1). Buffer-8 medium, on the other hand, resulted in gas permeability decreasing only by 12.3% 
(11.9×10-13 m3 m-1).
Figure 1. Specific gas permeability values for different treatments 
of beech specimens (× 10-13 m3 m-1) (high error bars indicate scattered data 
in each  treatment showing the nature of permeability in beech wood)
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Longitudinal Liquid Permeability
Minimum mean time for the 1st-drop was measured to be 126.8 minutes in buffered hot water of pH7, 
comparing with 183.1 (min) in control specimens. In hydrothermal specimens, no time was observed 
as to the fact that there was no first drop even when the water level had decreased 50mm in the Rilem 
test tube. 
Minimum time for 50-mm water-column-lowering in Rilem glass tube was measured to be 354 
minutes in buffered hot water of pH 7. Maximum 50-mm lowering time was observed in hygrothermal 
specimens (3396.5 minutes). Mean 50-mm lowering time in control specimens was 1117.6 minutes. 
DISCUSSION
Perforation plates in beech wood is comprised of both simple and scalariform type. Furthermore, 
tyloses may be observed in different parts and locations of vessel elements (Taghiyari 2012). Also, 
extractives and pitch deposits were reported to have different concentrations in different parts and heights 
of trees (Flynn 1995, Koch 1996, Rice and D’Onofrio 1996, Taghiyari et al. 2010, Taghiyari and Sarvari 
Samadi 2010, Taghiyari et al. 2011). These may contribute to the wide scatter of data in each treatment 
(the high error bars in Fig. 1). In the present study, microscopic imaging showed evidence of settlement 
of extra extractives on perforation plates and cell walls caused by hydrothermal heat treatments (Fig. 2). 
Probable occurrence of these settlements on vessel perforation may justify the drastic decrease in gas 
permeability in hydro thermolysis treatment (Fig. 1). Deposition of extractives on cell wall has previously 
been reported in other studies (Boonstra et al. 2006). However, microscopic imaging of buffered hot 
water of pH 8 specimens showed no deposition of extractives, and vessel elements were nearly wide 
open (Fig. 3). This would justify the high gas permeability value of this treatment (Fig. 1). 
Figure 2. Extractives blocking vessel elements (left) and settling 
on  cell walls (right) in hydrothermal heat treatment
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Figure 3. Vessel elements are wide open in specimens treated in buffered hot water of pH 8
Regression analysis of gas permeability with water absorption (WA) as well as the amount of swelling 
in different directions (Radial, Tangential, and Longitudinal) showed there are positive relations in all 
cases (Table 1). Significant correlation was only observed between radial swelling with gas permeability. 
Still, good correlation, although not significant, was also found between tangential swelling with gas 
permeability. Correlation between gas permeability with longitudinal swelling as well as water absorption 
was neither significant nor high. Regression values between liquid permeability (1st drop, and 50-mm 
lowering time) were all very low and insignificant. 
Table 1. Regression analysis results for correlations between gas and liquid permeability with 
water absorption as well as swelling in radial, tangential, and longitudinal directions
Cluster analysis of the 4+1 treatments based on gas and liquid permeability values, as well as physical 
and mechanical properties (Talaei et al. 2011), also showed similarity between treatments in buffered 
hot water of pH 7 and 8, as well as treatments in hygrothermal and hydrothermal (Fig. 4).
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Figure 4. Cluster analysis of the 5 treatments based on gas and liquid permeability times 
(1st drop and 50-mm-lowering time) as well as physical and mechanical properties.
CONCLUSION
Based on the results and statistical analysis in the present study, it may be concluded that 
hydrothermal and hygrothermal treatments drastically decrease permeability in beech wood. This 
decrease in permeability may be mostly due to deposition of extractives on vessel perforations and cell 
walls blocking fluid transfer through the porous media. However, gas and liquid permeability can be 
increased in buffered hot water of pH 8. Considering the low decrease in mechanical properties resulted 
from this treatment (buffered hot water of pH 8) (Talaei et al. 2011), this wood modification method is 
recommended for applications in which higher permeability is needed. With regard to high R-square 
between gas permeability and the amount of swelling in radial, as well as tangential, directions, it can 
also be concluded that gas permeability may be considered a suitable criterion for predicting the amount 
of swelling. 
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